Fis is a nucleoid-associated protein in Escherichia coli that is abundant during early exponential growth in rich medium but is in short supply during stationary phase. Its role as a transcriptional regulator has been demonstrated for an increasing number of genes. In order to gain insight into the global effects of Fis on E. coli gene expression during different stages of growth in rich medium, DNA microarray analyses were conducted in fis and wild-type strains during early, mid-, late-exponential and stationary growth phases. The results uncovered 231 significantly regulated genes that were distributed over 15 functional categories. Regulatory effects were observed at all growth stages examined. Coordinate upregulation was observed for a number of genes involved in translation, flagellar biosynthesis and motility, nutrient transport, carbon compound metabolism, and energy metabolism at different growth stages. Coordinate down-regulation was also observed for genes involved in stress response, amino acid and nucleotide biosynthesis, energy and intermediary metabolism, and nutrient transport. As cells transitioned from the early to the late-exponential growth phase, different functional categories of genes were regulated, and a gradual shift occurred towards mostly down-regulation. The results demonstrate that the growth phase-dependent Fis expression triggers coordinate regulation of 15 categories of functionally related genes during specific stages of growth of an E. coli culture.
INTRODUCTION
In Escherichia coli, Fis (factor for inversion stimulation) is the most abundant nucleoid-associated protein (NAP) during the exponential growth phase in rapidly growing cultures (Ali Azam et al., 1999) . In a process known as growth phase-dependent regulation, the intracellular Fis levels peak during early exponential growth at over 50 000 molecules per cell, and thereafter decrease until they become very low during stationary phase (Ball et al., 1992; Nilsson et al., 1992b) . Several layers of regulatory control are in place to ensure that appropriate quantities of Fis are present in response to a range of nutritional environments and perhaps various other environmental signals. For example, fis transcription is negatively regulated by the stringent response in various enteric bacteria Ninnemann et al., 1992; Walker et al., 1999) . Also, fis is subject to growth rate control (Ball et al., 1992; Mallik et al., 2006; Nilsson et al., 1992b) . Growth phase-dependent regulation, stringent control and growth rate control all require the transcriptional factor DksA (Mallik et al., 2006 ). An additional layer of Fis regulation, involving the ribosome binding protein BipA, occurs at the level of translation (Owens et al., 2004) .
Fis was originally identified as a factor required to stimulate the site-specific DNA inversion reactions mediated by the Hin, Gin and Cin family of DNA recombinases (Haffter & Bickle, 1987; Johnson et al., 1986; Kahmann et al., 1985) . Subsequently, it was found to be engaged in other site-specific DNA recombination processes (Ball & Johnson, 1991; Thompson et al., 1987; Weinreich & Reznikoff, 1992) , to alter DNA supercoiling Skoko et al., 2005; Travers et al., 2001) , to influence the initiation of DNA replication (Filutowicz et al., 1992; Messer et al., 1991; Ryan et al., 2004; Wold et al., 1996; Wu et al., 1996) , and to regulate a growing number of genes directly or indirectly (Ball et al., 1992; Bosch et al., 1990; Gonzalez-Gil et al., 1996; Green et al., 1996; Jacobson & Fuchs, 1998; Keane & Dorman, 2003; Pease et al., 2002; Ross et al., 1990; Shin et al., 2003; Xu & Johnson, 1995a, c) . Prominent among these regulated genes are the rRNA and various tRNA genes, which are directly stimulated by Fis Hirvonen et al., 2001; Nilsson & Emilsson, 1994; Ross et al., 1990) . In the case of the rrnB P1 promoter, Fis resembles a class I transcription activator that interacts with the C-terminal domain of the a subunit (aCTD) of RNA polymerase (RNAP) from a binding site at 271 (Bokal et al., 1997; Gosink et al., 1996; Zhi et al., 2003) . In the case of the RpoS-dependent proP P2 promoter, Fis acts more like a class II transcription activator that contacts aCTD from a binding site at -41 (McLeod et al., 1999 (McLeod et al., , 2002 . In the leuV promoter, stimulation occurs in part by a Fis-mediated translocation of superhelical energy from upstream binding sites to the promoter region (Opel et al., 2004) . Moreover, in the tyrT promoter, Fis facilitates sequential steps during the transcription initiation process . Thus, Fis functions as a versatile transactivator that functions at many different promoters. As a repressor, the functional binding sites of Fis can occur over a broader range of positions relative to the promoter than activator binding sites (Ball et al., 1992; Browning et al., 2000 Browning et al., , 2004b Caramel & Schnetz, 2000; Gonzalez-Gil et al., 1998; Xu & Johnson, 1995b) , potentially resulting in a greater number of negatively regulated genes.
Most studies implicating Fis as a gene regulator have focused on a single gene at a time and often during the mid-exponential growth phase. In this study we set out to obtain a comprehensive profile of Fis-regulated genes in E. coli during various stages of growth in rich medium. A DNA microarray approach was used to examine the effect of Fis-dependent gene regulation on a genomic scale, which showed that the expression of 231 genes was significantly altered during one or more growth stages. These genes were classified into 15 different functional categories, demonstrating the broad physiological influence of Fis. Coordinate regulation of functionally related genes was observed during specific stages of growth, suggesting that Fis regulates related biological processes in step with the growth phase.
METHODS
Chemicals, enzymes, growth media and strains. Chemicals were purchased from Sigma-Aldrich, Invitrogen Life Technologies, Fisher Scientific, Bio-Rad Laboratories and Pharmco Products. Enzymes were purchased from New England Biolabs, Roche Pharmaceuticals, Ambion and United States Biochemical. RNase inhibitor, SYBR Green Master Mix and MultiScribe reverse transcriptase were from Applied Biosystems. Radioisotopes were from Amersham Biosciences. The bacterial growth media were from Difco Laboratories. The E. coli K-12 strains used in the DNA microarray, reverse transcriptase quantitative PCR (qRT-PCR) and most Northern blot analyses were MC1000 [araD139, D(ara-leu)7697 DlacX74 galU galK rpsL] (from M. Casadaban, University of Chicago), commonly used as a wild type (WT) in numerous studies, and MC1000 fis : : kan (Johnson et al., 1988) . MG1655 (ilvG rfb-50 rph-1) and MG1655 fis : : kan (from R. C. Johnson, UCLA) were used only in the Northern blot analysis of prfC. Cells were grown in Luria-Bertani (LB) medium at 37 uC, with constant agitation. Cultures of MC1000 fis : : kan strains were supplemented with 50 mg kanamycin ml
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. We note that while exposure of antibiotic-sensitive strains to low concentrations of certain kinds of antibiotics can affect the expression of a number of genes in E. coli, such effects are largely suppressed or undetected in antibiotic-resistant strains (Goh et al., 2002) . Hence, the presence of kanamycin in cultures of MC1000 fis : : kan should have minimal or undetectable effects on gene regulation.
RNA preparation. Saturated E. coli cultures were diluted in LB to a density corresponding to OD 600 0.05 and grown at 37 uC. Cells were harvested at various times during growth, and total cellular RNA was prepared using the hot acid phenol extraction method, as described by Aiba et al. (1981) , or the MasterPure RNA Purification kit (EPICENTRE Technologies). The 23S RNA : 16S RNA signal ratios in the RNA samples were examined using electrophoresis on a 1 % polyacrylamide gel and the Agilent Bioanalyser system (Agilent Technologies). Primer extension assays were also performed to verify the differential fis mRNA expression between WT and fis strains.
DNA microarray processing. Affymetrix Antisense E. coli DNA microarrays (Affymetrix) were processed at the University of Rochester Microarray Core Facility or the University at Albany Center for Functional Genomics. Synthesis of cDNA from 10 mg RNA samples was performed using random hexameric primers, and followed by DNase I catalysed fragmentation to yield 50-100 bp fragments. The fragmented cDNA was labelled with an Enzo BioArray Terminal Labeling kit (Affymetrix) according to the manufacturer's specifications. Microarray hybridization, streptavidin-phycoerythrin (SAPE; Molecular Probes) staining, and washing were performed in the Affymetrix fluidics module following manufacturer's procedures. Detection and quantification of target hybridization were performed with a GeneArray Scanner 2500 (Hewlett Packard/Affymetrix). Various concentrations of control transcripts were spiked into the hybridization cocktail and their relative signal intensities monitored to assess array performance.
Three independent experiments were performed with MC1000 and MC1000 fis strains. Each experiment consisted of samples taken at different times during growth: 90 min (early exponential phase), 150 min (mid-exponential phase), 240 min (late-exponential phase) and 360 min (early stationary phase). The raw data was analysed using Microarray Analysis Suite version 5.0 (Affymetrix). The data for each stage of growth were normalized, merged and filtered by standard deviation using GeneSpring 7 (Agilent Technologies). The resulting signals showing twofold regulation or greater were subjected to one-way analysis of variance (ANOVA) using a cross-gene error model. All DNA microarrays used in this work comply with the MIAME guidelines (Brazma et al., 2001) , and the complete dataset has been deposited in the GEO online database under the provisional accession number GSE7398.
Functional categories enriched for Fis-regulated genes.
Functional categories enriched for Fis-regulated genes at each time of growth were determined by performing Wilcoxon-Mann-Whitney (WMW) tests (Sokal & Rohlf, 1995) on the distribution of P values for regulation, using the functional category assignments supplied by Affymetrix and the R statistical programming language (Grunsky, 2002; Ikaka & Gentleman, 1996) . The P value distributions were based on one-way ANOVA between WT and fis treatments as implemented Fis-dependent gene expression in E. coli in GeneSpring, using a cross-gene error model to approximate the variance in expression ratios per gene. The WMW test assesses whether the distribution of P values for regulation in each functional category is significantly enriched (P¡0.05) for low P values as compared to the entire distribution over all functional categories.
qRT-PCR. qRT-PCR was performed in the Molecular Biology Core Facilities of the Center for Functional Genomics, University at Albany. Primer pair sets for specific genes (Integrated DNA Technologies) were selected with Primer Express software (version 2.0, Applied Biosystems). Either one-step (Applied Biosciences) or two-step qRT-PCR reactions (Ambion) were performed according to manufacturer specifications to quantify gene expression. Reactions lacking template RNA or cDNA were included as negative controls.
Reaction plates were processed on an Applied Biosystems 7900HT Sequence Detection System. For one-step assays, the reversetranscription reaction was performed at 48 uC for 30 min. Subsequently, the AmpliTaq Gold polymerase was activated at 95 uC for 10 min, followed by 40 cycles consisting of denaturation for 15 s at 95 uC and annealing and extension for 60 s at 60 uC. For two-step assays, the iTaq polymerase (Bio-Rad Laboratories) was activated at 95 uC for 2.5 min, followed by the same 40 cycles described above. Amplification data were analysed with ABI Prism SDS 2.1 software (Applied Biosystems). Relative quantification of gene expression was performed by the DDC t method (Winer et al., 1999) , using 16S rRNA as an endogenous control for normalization. All reactions were performed in triplicate and SDs were less than 12 % of the mean.
Northern blot hybridizations. Northern blots were performed as described by Sambrook et al. (1989) . The 32 P-labelled DNA probes were generated by PCR in the presence of [a- ) using chromosomal DNA as template and oligonucleotides complementary to the gene of interest. Hybridizations were performed at 42 uC using a 50 % formamide solution, as described by Sambrook et al. (1989) . Detection and quantification of signals were performed using a Storm 860 PhosphorImager and ImageQuant software version 1.2 (Molecular Dynamics).
Identification of potential Fis binding sequences. Potential Fis binding sequences in the region from 2300 to +20 relative to the first codon in the genes or operons reported by the DNA microarray analysis were retrieved using the Regulatory Sequence Analysis Tools (http://rsat.ulb.ac.be). A symmetrical weight matrix used in this analysis was assembled by using the nucleotide frequencies in both DNA strands of 60 experimentally defined Fis binding sites for a total of 120 bases per position (Hengen et al., 1997) . We limited the matrix (Table 1) to 19 positions, which include a central region of 15 positions representing the core Fis DNA binding sequence (Feng et al., 1992; plus two additional positions on either side. The numbers represent the frequency of each base (indicated on the left) at each position.
RESULTS

RNA sampling
The MC1000 fis : : kan strain carries a neomycin cassette replacing about two-thirds of the internal fis sequence (Fig. 1a) (Johnson et al., 1988) . MC1000 (WT) and MC1000 fis : : kan (fis) strains were grown in LB medium at 37 u C. Samples were removed from both strains for total RNA preparation after 90 min (early exponential), 150 min (mid-exponential), 240 min (late exponential) and 360 min (stationary phase) (Fig. 1b) . The negative fis autoregulation and growth phase-dependent fis mRNA expression pattern (Ball et al., 1992; Ninnemann et al., 1992) were verified in these RNA samples using a primer ), such that the fraction of cell density saturation was very similar for both strains at each of the growth stages examined. Hence, the four growth stages examined were comparable between the two strains.
Global effects of Fis on gene expression
Microarray analysis of triplicate experiments showed that 231 genes had a significant (P¡0.1) difference in expression (twofold or greater) between the WT and fis strains at one or more stages of growth (Table 2) . Of these genes, 86 were more highly expressed in the presence of Fis and 158 were more highly expressed in the absence of Fis. Dual regulation was observed for 13 of these genes, i.e. relatively higher expression in the presence of Fis compared to its absence was detected in one growth stage, while lower expression was detected in another growth stage. Among the 231 genes, 137 belonged to 74 operons and 94 were single genes, suggesting that at least 168 different promoters were directly or indirectly targeted for Fis regulation. These results emphasize the global generegulatory function of Fis in E. coli, with~5 % of the 4425 represented E. coli genes significantly differentially expressed in the presence compared to the absence of Fis. In addition, substantial RNA regulation was observed in intergenic regions (not shown), suggesting an involvement of Fis in regulating synthesis of non-coding RNAs.
Validation of the results from DNA microarrays
There are 18 genes in Table 2 which have been shown to be regulated by Fis in earlier work conducted in various laboratories (Ball et al., 1992; Browning et al., 2004a Browning et al., , 2005 Emilsson & Nilsson, 1995; Gonzalez-Gil et al., 1996; Green et al., 1996; Nilsson & Emilsson, 1994; Ninnemann et al., 1992; Xu & Johnson, 1995b, c) . In every case, the regulatory effects reported in the microarrays are consistent with those reported before. To further evaluate the results of our DNA microarray analysis, we performed qRT-PCR and determined the relative RNA expression of 15 genes from different operons in this list (Fig. 2) . These genes fell into eight different categories and showed regulation in the microarrays during different stages of exponential growth. Two of the 15 selected genes (lctP and yfiD) exhibited dual regulation and were validated at the two corresponding periods of growth. The results from the qRT-PCR confirmed the positive or negative Fis-regulatory trend in 16 of 17 cases (Fig. 2) . The only qualitative discrepancy observed was with fruK at 240 min of growth. An independent method of analysis will be required to resolve this contradictory effect.
The negative regulation of two additional genes seen in the microarray experiments (dniR and prfC) was validated by Northern blotting (Fig. 3) . A strong negative regulation of dniR (encoding a membrane-bound murein transglycosylase) was observed after 90 min of growth of MC1000. Negative regulation of prfC (encoding the peptide chain release factor RF3) was observed during the early exponential growth phase (after 60-120 min of growth). The latter was observed in MG1655 and MG1655 fis : : kan strains instead of the MC1000 and MC1000 fis strains used in the DNA microarray analysis, indicating that this regulatory effect is not strain-dependent.
Genes within the same operon are often co-regulated. We found that 102 of the 231 regulated genes identified in the microarray analysis formed part of an operon with one or more other genes in our list. In every case we observed that the genes pertaining to the same operon exhibited the same regulatory trend, indicating a strong consistency within the DNA microarray data.
The 231 regulated genes represent a conservative number. It excludes the seven rRNA operons, as their excessively strong hybridization signals in the microarray caused their quantification to be unreliable. Another 41 operons or single genes previously shown to be stimulated by Fis were not present among the regulated genes in Table 2 . Without using a cross-gene error model, a number of genes not included in our list in Table 2 show twofold or greater regulation in the microarray data, with a t test P value ¡0.05 in at least one of the time points sampled. Examples are cyoA (encoding subunit II of cytochrome bo oxidase) and flgM (encoding s28 anti-sigma factor), which showed 3.17-fold and 2.69-fold stimulation by Fis, respectively, during the early exponential growth phase. Northern blot analysis confirmed the positive regulation of these genes during the early and mid-exponential growth phases (Fig. 3 ).
Functional categorization of Fis-regulated genes
The 231 regulated genes involve a broad spectrum of cellular functions, which can be grouped into 15 categories (Fig. 4a) . Among the most highly represented functional categories (containing from 19 to 39 genes and representing from 10 to 16 % of the genes in each category) are (1) energy metabolism, (2) transport and membrane binding proteins, (3) translation, (4) cell processes (including adaptation and protection) and (5) central intermediary metabolism. Other functional categories containing six to 12 regulated genes and representing from 3 to 11 % of the genes in each category are (6) cell structure, (7) carbon compound catabolism, (8) amino acid biosynthesis and metabolism, (9) nucleotide biosynthesis and metabolism, and (10) putative enzymes. Whereas 36 regulated genes fell under the (11) 'hypothetical, unclassified, unknown' category, this represented only 2 % of the total genes in this category. To determine if any of these categories were significantly enriched for Fis-regulated genes, we performed WMW tests on the distribution of P values for the Fis-dependent regulation of 4425 genes across 29 functional categories represented. The results showed that 14 functional categories were significantly enriched (P¡0.05) Fis-dependent gene expression in E. coli for low P values (compared to the entire distribution of P values) during two or more stages of growth (Fig. 4b) . These included 10 of the 11 functional categories mentioned above. Thus, the global Fis regulatory impact on most of these cellular functions is significant.
There are 18 regulated genes largely within the 'cell processes' category involved in protection against various forms of stress. These include the cold-shock protein genes cspI and cspF, the universal stress genes uspE, uspF and uspG, the oxidative stress-response genes katE, katG, msrA, sodC and ykgC (a predicted oxidoreductase), the hyperosmotic stress gene osmY, the multidrug transporter gene emrB, four genes involved in acid resistance, gadC, gadE, hdeA and hdeB, and two genes involved in DNA damage repair, tag (encoding 3-methyladenine DNA glycosylase) and ivy (encoding DNA polymerase IV). All these genes display negative regulation by Fis during mid-or late-exponential growth. (Slany & Kersten, 1992) . Table 2 . cont. Fig. 2 . Validation of a set of Fis-regulated genes by qRT-PCR. MC1000 and MC1000 fis : : kan cells were grown in LB at 37 6C. Cells were harvested for RNA preparation after 90, 150 and 240 min of growth. qRT-PCR of the indicated mRNAs was performed using equal quantities of RNA samples, normalized by the quantity of rRNA, and shown as a ratio of the WT to the fis signal. Filled bars, fold regulation based on qRT-PCR; open bars, fold regulation based on DNA microarray analysis (Table 2) , which is shown for comparison.
1997). These observations suggest that Fis functions as a general repressor of stress-response genes directly or indirectly.
A set of 17 genes involved in cell motility and chemotaxis (flgB, flgI, flgL, flgM, flgJ, flhA, fliH, fliM, fliM, fliN, fliO, fliQ, fliR, motA, motB, cheW and trg) are positively regulated in the presence of Fis during the mid-or lateexponential growth phase. This suggests a global regulatory role for Fis in stimulating motility and chemotaxis functions, which is in agreement with the previous observation that fis cells are deficient in motility (Osuna et al., 1995) . A possible way to achieve the stimulation of the various flagellar genes is to stimulate the expression of flhDC, which encodes the master flagellar gene activator FlhDC (Liu & Matsumura, 1994) . Northern blot analysis showed that Fis affects the temporal expression of flhDC (Fig. 3) . We did not detect high-affinity Fis-binding sites in the flhDC promoter region based on gel-mobility shift assays (not shown), nor were predicted Fis binding sequences identified in this region, suggesting that the effect of Fis on flhDC expression may be indirect. Nonetheless, the temporal regulatory effect on flhDC by itself does not adequately account for the Fis-dependent stimulation of flgM mRNA (Fig. 3) and other flagellar genes (Table 2 ) during the mid-and late-exponential growth phases. Thus, Fis may rely on mechanisms other than the regulation of flhDC expression to directly or indirectly stimulate flagellar gene expression.
Growth phase regulatory trends
Despite previous expectations that Fis regulatory effects would be observed primarily during the early exponential growth phase when Fis levels are higher than at later growth periods, regulatory effects were observed during all four stages of growth examined, e.g. 148 genes were Fig. 3 . Northern blot analysis of several Fis-regulated genes. Saturated cultures were diluted 100-fold in LB, grown at 37 6C, and harvested at the indicated times for the preparation of total RNA. Equal quantities (10 mg) of RNA were loaded in each lane and subjected to Northern blot analysis using 32 P-labelled DNA probes specific for dniR, prfC, cyoA, flgM and flhDC. The prfC mRNA expression pattern was examined in MG1655 and MG1655 fis strains; all other mRNA expression patterns were examined in MC1000 and MC1000 fis strains. Fis-dependent gene expression in E. coli regulated during the late-exponential growth phase and 24 genes during stationary phase (Fig. 5) . During the early exponential growth phase, when cells are initiating logarithmic cell division, Fis acts as a positive regulator of genes involved in translation, transport and binding proteins, carbon compound catabolism, energy metabolism, and central intermediary metabolism (Fig. 5a) . Most of the negative regulation at this stage involves genes of unknown function, and genes involved in nucleotide biosynthesis and metabolism. Stimulation of genes involved in carbon catabolism, translation, and transport and binding continued during the mid-exponential growth phase, although several genes involved in transport and binding were repressed (Fig. 5b) . A number of cell processes and cell structure genes (mostly flagellar and motility genes) also became stimulated during this stage. During the late-exponential growth phase, there was a dramatic shift in regulation. During this phase, Fis caused repression of 117 genes (Fig. 5c ). During early stationary phase, a modest number of genes involved in translation, transport, cell processes (motility), and carbon compound catabolism continued to be upregulated (Fig. 5d ).
Putative Fis binding sites within Fis-regulated promoters
To begin to identify potential Fis targets of direct regulation, we performed a weight matrix-based pattern matching analysis to identify putative Fis binding sites within promoter regions of regulated genes or operons. We retrieved one or more Fis binding sites within 107 of the 168 promoter regions represented in our list. The approach identified previously known Fis binding sites with remarkable precision. For instance, the six experimentally identified Fis binding sites in the fis promoter region (Ball et al., 1992) were retrieved. Moreover, two previously known Fis sites in the aldB promoter region (Xu & Johnson, 1995b) , three binding sites in the ndh promoter region (Green et al., 1996) , three in the nirB promoter region (Browning et al., 2004a) , two in the nrfA promoter region (Browning et al., 2005) and one in the prfC promoter region (M. B. Beach and R. Osuna, unpublished results) were all precisely located through this search. In a number of promoters in which the transcription start sites were known, the predicted Fis binding sites mapped within or near the promoter sequences (Fig. 6) , suggesting that these promoters are potential targets of direct Fis regulation. Based on these observations, we estimate that over half the Fis-regulated genes or operons reported in this work are likely to involve Fis binding at their respective promoter regions.
DISCUSSION Global Fis regulation in E. coli
Our DNA microarray analysis revealed 231 E. coli genes subject to Fis regulation, directly or indirectly. Combined observations from qRT-PCR, Northern blotting and previously reported Fis-regulated genes corroborate the results from our microarray analysis. Since only 18 of these genes were shown previously to be regulated by Fis, our work adds 223 new genes to the E. coli Fis modulon. When we consider the 33 genes that form the seven rRNA operons, the 11 other tRNA genes and the 55 other structural genes that have been shown previously to be subject to Fis regulation, the E. coli Fis modulon expands to include at least 330 genes. Even this is a conservative number, since there is an undetermined number of additional regulated genes, as shown by the cases of cyoA and flgM. The regulated promoters extend beyond the s70 family to include members of the s28 (e.g. motABcheAW, flgM and trg) and s38 (e.g. emrAB, hdeAB, katE, katG, osmY, proP and wrbA) promoter families.
An earlier DNA microarray analysis of Fis-regulated genes conducted in Salmonella typhimurium reported about 936 ORFs that were regulated twofold or greater during early or late-exponential growth (Kelly et al., 2004) . Only 59 of the regulated genes in S. typhimurium appear among the 231 regulated genes in E. coli, leaving 172 E. coli regulated genes that were not reported in S. typhimurium. Moreover, 12 of the 59 genes reported in both bacterial species show opposite regulatory effects, suggesting significant regulatory differences, despite the possession of identical Fis amino acid sequences (Osuna et al., 1995) . Some of these differences might be attributed to differences between the two species in the number and positioning of Fis binding sites relative to the regulated promoters. The fis promoter region itself contains one additional Fis binding site in E. coli compared to that in S. typhimurium, resulting in a 10-fold fis autoregulation in the former compared to only a 2.5-fold autoregulation in the latter (Osuna et al., 1995) . In addition, higher intracellular Fis levels measured in S. typhimurium compared to E. coli grown under the same conditions in LB medium may account for some of the differences. For example, Fis levels in S. typhimurium have been found to be~1.75-fold and .10-fold higher than in E. coli during the early exponential growth phase and early Fis-dependent gene expression in E. coli stationary phase, respectively (Osuna et al., 1995) . Promoters relying on relatively weak Fis binding sites for their regulation may be sensitive to these differences in intracellular Fis levels. Differences in Fis concentrations can also give rise to a significant structural reorganization of the bacterial chromatin , which can alter the expression of numerous genes (Blot et al., 2006) .
Among the most strongly upregulated genes in S. typhimurium are 18 flagellar and motility genes (resembling our observations in E. coli) and 79 virulence genes located in the pathogenicity islands SPI-1, SPI-2, SPI-3, SPI-4 and SPI-5. Flagellar genes and genes within the SPI-1 and SPI-2 pathogenicity islands encode three type III secretion systems which are required to mediate virulence (Carsiotis et al., 1984; Hensel, 2000; Mills et al., 1995; Minamino & Macnab, 1999; Stecher et al., 2004) . Thus, Fis seems to play a major role in promoting virulence competency in S. typhimurium. Among the most strongly down-regulated genes are over 50 metabolism and transport genes, an effect that was largely observed during late-exponential to early stationary phase. While we have also observed the repression of certain metabolic and transport genes during the late-exponential growth phase in E. coli, stimulation of numerous other transport and metabolic genes was also observed during the early and mid-exponential growth phases. Therefore, Fis plays an important common role in the regulation of numerous metabolic and transport genes, depending on the growth phase.
Growth phase-dependent gene regulatory effects
Although most of the Fis regulatory effects occurred during the exponential growth phase, a simple correlation between the growth phase-dependent Fis expression pattern and the number of regulated genes was not observed. Rather, a more complex picture emerged, in which different sets of functionally related genes are coordinately regulated during specified stages of growth, suggesting that Fis is able to regulate related biological processes in accordance with the growth phase (Fig. 7) .
Coordinate upregulation of eight operons carrying 38 flagellar and motility genes was prevalent during the midand late-exponential growth phases (Figs 5 and 7 ). In the case of flgM, growth phase-dependent stimulation was most dramatic during mid-exponential growth (Fig. 3) . Thus, during exponential growth, Fis stimulates flagellar biosynthesis and motility, which provides cells with an ability to explore the environment for available nutrients and to mediate virulence in enteropathogenic strains (Berg, 2003; Giron et al., 2002; La Ragione et al., 2000) . Some of the regulated operons (e.g. motABcheAW and flgMN) depend on s28 for their transcription. It will be interesting to determine whether Fis is able to stimulate transcription from such promoters directly and whether novel activation mechanisms are involved.
Several genes involved in ribonucleotide biosynthesis were collectively repressed during the early exponential growth phase. We and others have shown that the intracellular pool of all four ribonucleotide triphosphates dramatically increases during the outgrowth from stationary phase to the exponential growth phase in rich medium (Murray et al., 2003; Walker et al., 2004) . For unknown reasons, the NTP levels transiently decrease about 2.5-fold soon after the peak of Fis expression. We suggest that the Fisdependent repression of several nucleotide biosynthesis genes during early exponential growth may contribute to the transient drop in NTP levels. This, in turn, is believed to contribute to the decrease in fis transcription, which is hypersensitive to the concentration of CTP (Walker et al., 2004) .
In the case of a number of tRNA genes, coordinate upregulation was observed during all stages of growth, although a larger number of them were stimulated during the early exponential growth phase. In addition to the 17 tRNAs reported in this work, 25 tRNA genes and seven rRNA operons are stimulated during the exponential growth phase (Emilsson & Nilsson, 1995; Hirvonen et al., 2001; Nilsson & Emilsson, 1994; Nilsson et al., 1990; Ross et al., 1990; Slany & Kersten, 1992; Verbeek et al., 1992) . Thus, our work confirms the notion that Fis exerts a concerted effect in upregulating stable RNA genes to help meet the high demand for protein synthesis under fast growth conditions. Interestingly, the bipA gene, which encodes a ribosome-associated protein that facilitates translation of fis (Owens et al., 2004) , is repressed during the early exponential growth phase. This suggests that Fis plays a role in controlling its own translation efficiency indirectly by repressing bipA. Translation of other mRNAs may be similarly altered by the repression of bipA. Thus, an appreciation of the full regulatory impact of Fis will likely require a proteomic approach.
A more complex regulatory role was seen for a number of transport genes. Genes involved in the transport of maltose, fructose, glycerol, L-lactate, 2-keto-3-deoxygluconate (KDG), proline, glutamate and general amino acids, and in the type II general secretory pathway, were stimulated during the early exponential growth phase (Fig. 7 , Table 2 ). However, as the growth of the culture advanced through the mid-and late-exponential growth phases, there was a reduction in the number of stimulated transport genes, and an increase in the number of alternative transport and binding genes that were repressed. The latter included genes involved in storing iron, exporting proteins, and transporting xylose, sorbitol, tryptophan, threonine and nitrite. Hence, there was a growth phase-dependent switch in regulatory emphasis from stimulating certain transport functions during the early exponential growth phase to repressing alternative transport and binding functions during the late-exponential growth phase. Sequential changes in the mode of E. coli substrate utilization during growth in the complex LB medium may also trigger a sequential induction of corresponding transport or catabolic systems during different growth stages (Baev et al., 2006) . Therefore, some of these changes in transport gene expression might not be observed in a defined growth medium. Nonetheless, our work shows that Fis participates in the regulation of numerous transport genes, thereby affecting substrate availability during different growth stages in LB medium.
A similar switch in regulatory effects was seen for genes involved in carbon compound catabolism, central intermediary metabolism, and energy metabolism. In these functional categories, there was an emphasis on the stimulation of gene expression during early exponential growth, but as cells progressed through the mid-and lateexponential growth phases, there was a shift toward repression of an even larger number of genes. Only a few genes involved in carbon compound catabolism appeared to be regulated during stationary phase.
Surprisingly, as many as 148 genes were found to be regulated during late-exponential growth, of which 113 were repressed. Consistent with these observations, the greatest number of Fis-regulated genes in Salmonella occurs during late-exponential growth (Kelly et al., 2004) . The repressed E. coli genes affected a variety of functions, the most salient of which were energy metabolism, stress response (adaptation and protection), central intermediary metabolism, amino acid biosynthesis, transport, and structural proteins. Thus, Fis is somehow involved in decreasing many metabolic processes during late-exponential growth in preparation for stationary phase.
Direct and indirect effects
Based on in silico identification of Fis binding sites within promoter regions, we estimate that .60 % of the regulated promoters represented in this study are likely to be directly targeted for Fis regulation. In recent work conducted by Busby and co-corkers (Grainger et al., 2006) , chromatin immunoprecipitation combined with high-density microarrays (ChIP-chip) was used to study the binding of Fis, histone-like nucleoid structuring protein (H-NS) and integration host factor (IHF) across the E. coli genome in vivo. They identified a large number of DNA binding positions for Fis (.20 000),~50 % of which were located in non-coding DNA, even though non-coding DNA accounts for ,10 % of the E. coli genome. Additionally, they found that~50 % of the non-coding targets for Fis were also associated with RNAP. These observations suggest a large bias for Fis binding sites within intergenic regions and a possible role in transcription regulation. Using their supplementary data containing the coordinates for the Fis binding sites identified in vivo, we determined that~85 % of the promoter regions for the Fis-regulated genes or operons identified in our work (Table 2) are targeted for Fis binding in vivo.
We envision that direct Fis-regulatory effects are prominent during the early and mid-exponential growth phases, when higher intracellular Fis levels are measured (Ali Azam et al., 1999; Ball et al., 1992; Nilsson et al., 1992b) . These promoters may rely on relatively weak Fis binding sites that would require the very high Fis concentrations normally observed during the early exponential growth phase for effective occupancy. Conversely, when Fis levels are very low during the late-exponential growth and stationary phases, regulation may be achieved through pleiotropic effects, resulting in delayed responses. For instance, combined evidence from our work and that of others shows that Fis mediates the regulation of other transcription regulators, such as GadE, CusR (Table 2) , cyclic AMP receptor protein (CRP), H-NS and HU (Claret & RouviereYaniv, 1996; Falconi et al., 1996; Gonzalez-Gil et al., 1998 (Numrych et al., 1992; Thompson et al., 1987) , and with s38 RNAP during their binding to the proP P2 promoter region (McLeod et al., 1999) . In fact, Fis has been shown to play a direct role in stimulating transcription of the RpoS-dependent proP P2 promoter, which is observed during the late-exponential growth and stationary phases when Fis levels are low and RpoS levels are increasing (McLeod et al., 1999 (McLeod et al., , 2002 Xu & Johnson, 1995a) . The high-affinity Fis binding site at 241, the interactions between Fis and aCTD of RNAP, and the collaboration with CRP at this promoter may all contribute to the effective utilization of Fis, even when its levels are low.
Because Fis is the most abundant nucleoid-associated protein during the exponential growth phase in rich medium, reaching cellular concentrations of~50 mM (Ali Azam et al., 1999; Ball et al., 1992) , it is considered to contribute significantly to the topology of the bacterial chromosome. Based on its effects on plasmid topology in vivo, it has been shown that Fis is able to modulate growth phase-dependent transitions in DNA topology . This can be accomplished directly by a combination of specific and non-specific DNA binding at micromolar Fis concentrations, resulting in the stabilization of DNA loops and DNA branching to constrain negative supercoils. Such topological effects have been detected by the use of atomic force and electron microscopy , discontinuous highforce stretching of single DNA molecules bound by Fis (Skoko et al., 2005) , and differential sensitivity to different topoisomerases compatible with a role for Fis in stabilizing DNA loops . Fis can also affect DNA supercoiling indirectly, because of its roles in repressing transcription of gyrA and gyrB to reduce the DNA gyrase activity (Schneider et al., 1999) , increasing topA transcription to enhance topoisomerase I activity (WeinsteinFischer et al., 2000) , and regulating the expression of other DNA-binding proteins such as H-NS, HU and CRP (Claret & Rouviere-Yaniv, 1996; Falconi et al., 1996; Gonzalez-Gil et al., 1998) that also affect DNA supercoiling directly or indirectly (Broyles & Pettijohn, 1986; Gomez-Gomez et al., 1996; Tupper et al., 1994) . Thus, the dramatic growth phase-dependent Fis expression triggered by a nutritional upshift can bring about a dynamic reorganization of the chromosomal structure that should alter the expression of many genes. During the transition from exponential to stationary phase, when Fis levels are continually declining while elevated levels of the nucleoid-associated proteins Dps, IHF, HU, Hfq and H-NS are maintained (Ali Azam et al., 1999) , a global redistribution of chromosomal DNA branching can affect the accessibility of RNAP to numerous promoters to indirectly alter gene expression. Consistent with these views are the results from a recent DNA microarray approach, which combined mutations in fis and hns with induced changes in DNA superhelicity to demonstrate that the gene regulatory profiles in the presence or absence of these proteins are substantially affected by differences in DNA supercoiling levels (Blot et al., 2006) .
Fis as a signal for nutritional upshift, stringent response and growth-rate control
The global regulatory effects observed in this work were triggered by the dramatic growth phase-dependent expression of Fis in response to a nutritional upshift when cells in stationary phase were outgrown in rich medium. Many of the Fis-dependent effects seen here (e.g. upregulation of translation, transport, motility, energy metabolism and carbon catabolism functions) enhance the ability of E. coli to respond efficiently and competitively to a substantial increase in the nutritional supply. Indeed, fis cells are effectively overtaken by WT cells when both are grown together in a chemostat (Nilsson et al., 1992a) . Thus, Fis seems to play a widespread role in signalling conditions of high nutritional content and outfitting the cells for efficient nutrient uptake, metabolism, and rapid growth.
On the other hand, Fis can also play a role in signalling poor nutritional conditions. In response to amino acid starvation, fis is subject to severe and rapid negative control of transcription by the stringent response in E. coli (Mallik et al., 2006; Ninnemann et al., 1992) , Klebsiella pneumoniae, Serratia marcescens, Erwinia carotovora and Proteus vulgaris . We envision that such a severe negative control of fis gives way to upregulation of a large number of negatively regulated genes and to downregulation of positively regulated genes, depending on the growth stage. Consistent with this idea, 21 operons or genes negatively regulated by Fis in our microarray data (bfr, cydAB, frdABCD, ftnA, csiD-gabDTP, hdeAB, hisLGDCBHAFI, hyaABCDEF, msrA, msyB, mtr, narK, nfrABCDEFG, osmE, osmY, phnC-P, ycgB, yeaGH, ygaM, yhhA and wrbA) are positively regulated by conditions that trigger the stringent response (Chang et al., 2002; Smulski et al., 2001) . Conversely, nine positively regulated operons or genes in our microarray data (carAB, flgB-J, fliKL, glpFK, gltIJKL, malEFG, proVWX, rpsFpriBrpsRrplI and secG) are negatively regulated by conditions that induce a stringent response. Hence, Fis may play an important role in amplifying the effects of the stringent response in E. coli and other enteric bacteria.
There are currently two predominant models that explain the positive control of a number of genes by the mediator of the stringent response, (p)ppGpp (Cashel et al., 1996) . In an indirect model, (p)ppGpp repression of the highly transcribed stable RNA promoters substantially increases the available concentration of RNAP. Promoters with weak RNAP binding affinities (K B ) are then able to bind RNAP and initiate transcription (Cashel et al., 1996) . In a direct model, (p)ppGpp and DksA interact with RNAP to facilitate productive initiation complexes at some promoters (Paul et al., 2005) . We suggest that repression of Fis by the stringent control provides another mechanism for the upregulation of a number of genes.
Since Fis is also subject to growth-rate control (Ball et al., 1992; Mallik et al., 2006; Nilsson & Emilsson, 1994) , it may also serve as an effective mediator of the growth-rate control of a number of genes. A role for Fis in mediating growth-rate control has already been proposed for several tRNA genes and for a mutant variant of rrnB P1 (Bartlett et al., 2000; Nilsson & Emilsson, 1994) . fis expression is also controlled by DNA supercoiling (Schneider et al., 2000; Walker et al., 2004) , IHF (Pratt et al., 1997) and CRP (Nasser et al., 2001) . Thus, as a global gene regulator, Fis is well suited to the amplification of the effects of these cis and trans regulatory factors in response to various environmental signals.
